Abstract. In the past, studies of stratosphere-troposphere exchange of mass and chemical species have mainly emphasized the synoptic-and small-scale mechanisms of exchange. This review, however, includes also the global-scale aspects of exchange, such as the transport across an isentropic surface (potential temperature about 380 K) that in the tropics lies just above the tropopause, near the 100-hPa pressure level. Such a surface divides the stratosphere into an "overworld" and an extratropical "lowermost stratosphere" that for transport purposes need to be sharply distinguished. This approach places stratosphere-troposphere exchange in the framework of the general circulation and helps to clarify the roles of the different mechanisms involved and the interplay between large and small scales. The role of waves and eddies in the extratropical overworld is emphasized. There, waveinduced forces drive a kind of global-scale extratropical "fluid-dynamical suction pump," which withdraws air upward and poleward from the tropical lower stratosphere and pushes it poleward and downward into the extratropical troposphere. The resulting global-scale circulation drives the stratosphere away from radiative equilibrium conditions. Wave-induced forces may be considered to exert a nonlocal control, mainly downward in the extratropics but reaching laterally into the tropics, over the transport of mass across lower stratospheric isentropic surfaces. This mass transport is for many purposes a useful measure of global-scale stratosphere-troposphere exchange, especially on seasonal or longer timescales. Because the strongest wave-induced forces occur in the northern hemisphere winter season, the exchange rate is also a maximum at that season. The global exchange rate is not determined by details of near-tropopause phenomena such as penetrative cumulus convection or smallscale mixing associated with upper level fronts and cyclones. These smaller-scale processes must be considered, however, in order to understand the finer details of exchange. Moist convection appears to play an important role in the tropics in accounting for the extreme dehydration of air entering the stratosphere. Stratospheric air finds its way back into the troposphere through a vast variety of irreversible eddy exchange phenomena, including tropopause folding and the formation of so-called tropical upper tropospheric troughs and consequent irreversible exchange.
exchange phenomena, including tropopause folding and the formation of so-called tropical upper tropospheric troughs and consequent irreversible exchange.
General circulation models are able to simulate the mean global-scale mass exchange and its seasonal cycle but are not able to properly resolve the tropical dehydration process. Two-dimensional (height-latitude) models commonly used for assessment of human impact on the ozone layer include representation of stratosphere-troposphere exchange that is adequate to allow reasonable simulation of photochemical processes occurring in the overworld. However, for assessing changes in the lowermost stratosphere, the strong longitudinal asymmetries in stratosphere-troposphere exchange render current two-dimensional models inadequate. Either current transport parameterizations must be improved, or else, more likely, such changes can be adequately assessed only by three-dimensional models. INTRODUCTION It is now widely appreciated that the dynamics of the troposphere and the stratosphere are, in principle, inseparable [e.g., Hoskins et al., 1985] . Indeed, one might pose the question, Does it make any sense at all to distinguish between the troposphere and the stratosphere? If not, then STE would just be part of the overall pattern of transport, with no particular significance on its own. However, there are strong reasons why the distinction between troposphere and stratosphere will remain useful. One of them is that vertical transport of air and chemical species through the depth of the troposphere can occur on timescales as short as a few hours via moist convection and on timescales of days via baroclinic eddy motions in middle latitudes. By contrast, vertical transport through a similar altitude range in the stratosphere takes months, indeed a year or more in the lower stratosphere, and this vertical transport must be accompanied by radiative heating or cooling.
Dynamical
There are important implications therefore both for chemistry and for radiative flux balances. The difference between the vertical transport timescales in the stratosphere and troposphere is part of what lies behind, for instance, the rapid increase in ozone mixing ratio and the rapid decrease in water vapor mixing ratio with altitude observed just above the tropopause. We can often identify "tropospheric" and "stratospheric" air parcels by their differing chemical compositions. If only for this reason, it seems likely that we shall continue to distinguish between troposphere and stratosphere and to regard quantitative measures of the transport between them as an interesting aspect of transport.
The stratosphere and troposphere are sometimes regarded as isolated boxes and the exchange problem as merely one of estimating a single mass transport rate between the two boxes. However, the relatively long timescales for vertical transport within the stratosphere and the inhomogeneity of the stratospheric photochemical environment, as regards both actinic radiative fluxes and chemical tracer distributions, compel us to take a less simplified viewpoint. STE cannot, in reality, be thought of in terms of slow transport between two we!l-mixed boxes; single-number measures of exchange are therefore, by themselves, of limited utility. More useful measures of STE must concern not only the transport across the tropopause but also the rate at which tropospheric material is supplied to and removed from the regions in the stratosphere in which there are chemical sources and sinks, for whichever chemical species are of interest. It is necessary therefore to take into account the species' photochemical sensitivities at different altitudes and latitudes, and the global-scale circulation including the spatiotemporal structure of transport within the stratosphere. Such considerations will be given emphasis in this review, which will also try to elucidate the relation between the global-scale circulation and the processes, some of them on small scales, that may effect or affect transport across the tropopause itself.
What, in any case, do we mean by the tropopause? By convention of the World Meteorological Organization (WMO), the tropopause is defined as the lowest level at which the temperature lapse rate decreases to 2 K km -• or less and the lapse rate averaged between this level and any level within the next 2 km does not exceed 2 K km -•. Thus the tropopause is characterized by an increase in the static stability in moving from the troposphere to the stratosphere; this shows even in a monthly mean at fixed altitudes and latitudes ( Figure 1 ). However, this conventional "thermal" definition of the tropopause obscures the fact that the tropopause often behaves, chemically speaking, as if it were a material surface to varying degrees of approximation. The quasi-material behavior can be rationalized by noting, first, that the tropical tropopause corresponds roughly to an isentropic or stratification surface (whose potential temperature 0 • 380 K in the annual mean) and, second, that the extratropical tropopause corresponds roughly to a surface of constant potential vorticity (PV), provided that the PV is defined in the conventional way (see glossary following section 9). With the conventional definition of PV, the extratropical tropopause is found from observation to be remarkably close to the 2-PVU potential vorticity surface, where PVU denotes the standard potential vorticity unit (1 PVU = 10 -6 m 2 s -• K kg-•). The tropopause slopes downward and poleward, intersecting isentropic surfaces as suggested by the heavy curve in Figure 1 , and is usually distinguished on each such intersecting isentropic surface by a band of sharp gradients of PV, with values typically near 2 PVU, whose instantaneous configuration may well be strongly deformed, indeed irreversibly deformed, by synoptic-scale baroclinic eddies and other extratropical weather-related disturbances.
Figure 2 and Plate 1 (also Plate 2 below) illustrate how large these deformations of the instantaneous tropopause can be on a typical intersecting isentrope, 320 K in this case. Figure 2a shows a coarse-grain view of the isentropic distributio_n_ of PV, estimated from a state-of-the-art operational weather analysis. Figure  2b shows the corresponding satellite image of the 5.7-to 7.1-txm water vapor absorption band, which is sensitive to total water vapor above about the 500-hPa surface. Darker areas correspond to regions of low water vapor and provide a finer-scale view of tropopause deformations that bring dry stratospheric It is generally thought that the climatological-mean structure and position of the tropopause, indicated approximately in Figure 1 , is determined both by radiative-convective adjustment (especially in the tropics where deep convection clamps tropospheric temperatures close to a moist adiabat [e.g., Emanuel et al., 1994] ) and also by the action of synoptic-scale baroclinic eddies in the extratropics. The latter idea fits well with the suggestion of Mcintyre and Palmer [1984] that such eddies can sharpen the isentropic gradients of PV marking the extratropical tropopause, by mixing "PV substance" (see glossary) along the tropospheric portions of isentropic surfaces. Such mixing does, of course, involve irreversible deformation of PV contours on isentropic surfaces, as glimpsed in Figure 2 and Plate 1, and erodes or entrains stratospheric material into the troposphere. Lindzen [1994] argues from the notion of "baroclinic adjustment" that such PV mixing on isentropes spanning the troposphere should have a self-limiting character, tending not only to sharpen the tropopause but also to push it to higher altitudes and hence to exert a negative or stable feedback control over its position in middle and high latitudes. The idea that tropospheric baroclinic eddies influence extratropical tropopause height was first suggested by Held [1982] . However, a quantitative overall picture of how different processes combine to maintain the observed climatological-mean tropopause is still lacking.
Given the quasi-material nature of the tropopause, it follows that reversible deformations of its shape, however large and rapid, are of little significance to transport in themselves. As was already suggested, what is significant is the irreversible transport across the tropopause, more precisely, across some representative mean position of the tropopause, that may be associated, for instance, with the synoptic-scale baroclinic eddies or with smaller-scale processes exemplified in Figure 2 and Plate 1 or with global-scale Figure 3 is an attempt to summarize part of what is involved. It is useful to distinguish first of all between, on the one hand, transport along isentropic surfaces, of the kind illustrated in Plate 1, which may occur adiabatically (wavy arrows in Figure 3) , and on the other hand transport across isentropic surfaces, which may require diabatic processes, including small-scale three-dimensionally turbulent processes. Since the tropopause intersects the isentropes, transport can occur in either way and is likely to occur in both ways. In the region of the upper troposphere and lower stratosphere consisting of isentropic surfaces that intersect the tropopause, air and chemical constituents can be irreversibly transported as adiabatic eddy motions lead to large latitudinal displacements of the tropopause, as in Figure 2 and Plate 1, followed by irreversible mixing on small scales. The darker shading in Figure 3 shows the region within the lower stratosphere most directly affected by these eddy transport effects. This region will be referred to as the "lowermost stratosphere" or, when clarity demands it, as the "lowermost extratropical stratosphere." It is also the stratospheric part of what Hoskins [ 1991] calls the "middleworld."
STE AND THE GLOBAL CIRCULATION, GENERAL APPROACH, AND PLAN OF THE REVIEW
For chemical purposes especially, the lowermost stratosphere must be sharply distinguished from the tropospheric part of the middleworld, where moist convection strongly transports material across isentropic surfaces. Equally, the lowermost stratosphere must be distinguished from the rest of the stratosphere, it being the only part of the stratosphere accessible from the troposphere via transport along isentropic surfaces. The term "lowermost stratosphere" will help keep both distinctions clear. Now air in the region where isentropic surfaces lie entirely in the stratosphere, referred to by Napier Shaw and Hoskins as the "overworld," cannot reach the troposphere without first slowly descending across isentropic surfaces, a process that must be accompanied by diabatic cooling. Conversely, air in the "underworld," where isentropic surfaces lie entirely in the troposphere, cannot reach the stratosphere without first rising across isentropic surfaces. The isentropic surface bounding the overworld and the lowermost stratosphere generally has a potential temperature around 380 K, depending on cloud top heights (see Figure 3 ). In this review the 380-K isentrope will be used to designate the lower boundary of the overworld, but the reader should keep in mind that the actual boundary is somewhat variable. It is useful then to distinguish transport in the overworld from transport in the lowermost stratosphere. Transport in the lowermost stratosphere requires consideration of the details of synoptic-scale and smallscale processes and how these link to the overworld. Horizontal mixing can be especially significant in the lowermost stratosphere and, most of all, as was already mentioned, during blocking events, when meridional motions are enhanced. Thus exchange between the troposphere and the lowermost stratosphere can be significantly faster than exchange between the overworld and the lowermost stratosphere.
The distinction between the overworld and the lowermost stratosphere is therefore of prime importance. It should be clear that owing to this distinction it is not essential (indeed, it may be misleading) to measure STE by the transport across the tropopause. For many purposes, transport across another control surface may be more relevant and more effectively evaluated. For example, consider the case of a chemical species (e.g., methane (CH4), nitrous oxide (N20), or one of the chlorofluorocarbons (CFCs)) that has a tropospheric source and a stratospheric sink, with the sink being above 18 km or so, in the overworld. The transport across the 380-K isentrope (see Figure 3) , which, as will be argued in sections 3 and 4, can largely be understood as part of the global-scale circulation of the overworld, is then a perfectly acceptable measure of exchange, indeed often more relevant because of the higher location of the photochemical sink.
The same applies to a species that has a stratospheric source and a largely tropospheric sink. In this context, details of the transport across the tropopause, involving processes such as tropopause folding and overshooting tropical cumulus anvils, are largely irrelevant. On the other hand, such details are important for determining the locations and intermittency of STE and for calculating measures of STE relevant to species that have appreciable sources in the part of the stratosphere below the 380-K isentrope (and therefore in the lowermost stratosphere), for example, from aircraft emissions.
Indeed, recent developments in atmospheric chemistry suggest that the lowermost stratosphere and upper troposphere are more important for global chemical processes than was formerly thought. For example, some of the heterogeneous chemistry responsible for observed ozone depletion occurs in the lowermost stratosphere, and much of the tropospheric nonurban photochemical ozone production occurs in the upper troposphere [WMO, 1995] . Understanding and modeling the chemistry of these regions requires that we know the temporal and spatial distribution of trace chemical transport in the upper troposphere and lowermost stratosphere, both along and across isentropic surfaces. The wavy arrows in Figure 3 are not, of course, meant to suggest the complete picture, even for transport along isentropes. The "exchange" need not be symmetric; there may well be stronger transports along isentropes within the lowermost stratosphere, as well as outside it.
Our first aim then is to place STE in the framework of the general circulation and to clarify the roles of the different mechanisms involved on various scales. Sections 3 and 4 begin by reviewing our understanding of global-scale transport, considering first its main mechanism via a relevant idealized model and then the application to the real atmosphere. Section 5 considers quantitative estimates of global transport made on the basis of our theoretical understanding and of globalscale dynamical and chemical observations. Section 6 reviews synoptic-scale and smaller-scale aspects of exchange in the extratropics. Section 7 considers the tropics, where certain aspects of exchange, principally concerned with water vapor, clearly do depend crucially on small-scale details. The representation of both global-scale and small-scale aspects of exchange in models is considered in section 8. Finally, a summary and conclusions are given in section 9, followed by a glossary of technical terms.
GLOBAL-SCALE DYNAMICAL ASPECTS OF EXCHANGE: THE EXTRATROPICAL PUMP
A prime requirement is to understand how the processes suggested in Figure 3 fit together mechanistically. One prerequisite to such understanding is to recognize the existence of nonlocal dynamical effects in the atmosphere.
Recognition of such nonlocal effects is crucial to understanding any fluid-dynamical system that supports fast waves, in the appropriate sense, that is, waves whose travel times are short in comparison with other timescales of interest. For example, to understand why air moves toward the inlet of any suction pump, one needs to recognize that the travel times of acoustic waves are short in this sense and that there is a corresponding nonlocal effect. Mass conservation has a key role and, for practical purposes, acts instantaneously, as a nonlocal constraint. The time delay between turning on the pump and the establishment of the flow toward the suction tube is of the order of an acoustic propagation time, usually negligible in comparison with all other timescales of interest. This nonlocal picture is to be contrasted with statements like "air moves toward the suction tube because the pressure-gradient force pushes it," which miss the point that the pressure gradient adjusts nonlocally, to fit in with the mass-conservation constraint. The pressuregradient force, whether written on the right or the left of the momentum equation, cannot usefully be regarded as causing the flow. The nonlocal character of the adjustment can be expressed mathematically via an elliptic (see glossary) partial differential equation for the pressure, formed by taking the divergence of the momentum equation.
There is a fundamentally similar nonlocal effect having direct relevance to the STE problem, namely, the effect of the extratropical stratosphere and mesosphere upon the tropical stratosphere. This depends on the fact that the global-scale travel times of acoustic waves and large-scale gravity waves are short in comparison with other timescales of interest. The effect has been demonstrated, indeed has been intensively studied, in the dynamical literature beginning with the pioneering work of Eliassen [1951] and Dickinson [ 1968] . These and many other studies have shown that the extratropical stratosphere and mesosphere act persistently upon the tropical lower stratosphere as a kind of global-scale fluid-dynamical suction pump, driven by certain eddy motions. The distinction between tropics and extratropics arises from the Earth's rotation, on which the extratropical pumping action depends.
One reason why we can be confident about the sign implied by the word "suction" is that statistically speaking, the most important of the eddy motions in question, so-called "breaking Rossby waves" and related potential-vorticity-transporting motions, have a one-signed or ratchet-like character related to the sense of the Earth's rotation. (For detailed examples  and historical The nonlocal effects in question operate just as robustly in a zonally symmetric, that is, longitudeindependent, model atmosphere as they do in the real atmosphere. We can gain more detailed insight into the pumping action, including the way in which the implied adiabatic warming and cooling interacts with radiation on different timescales, by considering a thought experiment performed on a zonally symmetric atmosphere in which the one-signed Rossby-wave effects are parameterized simply as a retrograde or westward wave-induced force. This force plus the Earth's rotation is the essential cause of the pumping, which can be thought of as a "quasi-gyroscopic" effect in the sense that pushing a ring of air westward has a tendency to make it move poleward. The relevant theoretical formulations were first put forward in the papers by Eliassen Here q> is latitude and z is log-pressure height (approximately corresponding to geometric altitude), II is the angular velocity of the Earth, R is the gas constant for tendency. In (3) we distinguish between the part of the diabatic heating that is largely independent of temperature (more or less corresponding to the short-wave radiative heating) and the part that depends strongly, and nonlocally, on the temperature field (more or less corresponding to the long-wave radiative heating and responsible for the relaxational nature of the total diabatic heating). Equation (4) 
This equation provides a suitable model for studying nonlocal control of the meridional circulation by the wave-induced force and by the short-wave heating Qs, which we also, of course, take to be prescribed. Since the operator acting on fv on the left-hand side of (5) is elliptic (see glossary) when rife % 0, it follows that a wave-induced force, or a short-wave heating, localized to a particular region, will give rise to a response that extends away from that region. Conversely, fv in a given region will be affected by changes in the wa'•e-induced force or the short-wave heating elsewhere. This is how the mathematics expresses the nonlocalness. We can say that fv and therefore ½* are "under nonlocal control." For reasons to emerge (e.g., Figure 4 ), we shall be especially interested in the downward and sideways control exerted by a localized forcing G upon the vertical mass flux p0½*. What is the spatial structure of the response to a localized forcing .9 Inspection of (5) shows that all aspects of the response depend on the parameter •r/a. As •r/ot -• o•, the adiabatic limit studied by Eliassen [1951] and extended to a spherical geometry by Plumb [1982] The downward control principle is valid only in the steady state limit, and as Figure 4 reminds us, the approach to the limit is not uniform in latitude. Noting that in the steady state limit the second term on the left-hand side of (5) vanishes, we deduce that the value of •r (and hence the timescale) for which the response approaches steadiness is proportional to the radiative time Ot --1 and is given by To gain some quantitative i•sight, we might take Az to be equal to H and, again, the radiative timescale to be 20 days. If the steadiness criterion is to be satisfied for variations with the annual frequency, in the sense that the left-hand side of (8) is at least a factor of 2 greater than the right-hand side, then at 45 ø latitude the horizontal scale must be at least 1100 km, while at 20 ø it increases to 2000 km.
When the zonally symmetric model considered here is extended to apply to a zonally averaged circulation in the real atmosphere, the downward control principle (equation (7) is in the subtropics. On the annual timescale the upwelling response to forcing at high latitudes will decay substantially at low latitudes (evident from Figure 4b ), whereas the response to a force at a latitude equatorward of that given by the right-hand side of (9) appears primarily as an acceleration, O tJ/Ot, rather than an induced meridional circulation. This in turn suggests a crucial role for the position of the subtropical edge of the "surf zone" in the wintertime middle stratosphere, where Rossby-wave breaking can lead to a significant contribution to G.
•cconu um•tatxon on the uownwam control principle (equation (7) An important aspect of the downward control principle that is weakened in the tropics is that the change in •* due to a change in wave-induced forcing is no longer given entirely by appropriate modification of the G appearing in (7) or its nonlinear generalization. Rather, since a significant part of the changed forcing may cause a zonal flow acceleration, the resulting change in the angular momentum distribution must also be taken into account. At low latitudes, then, the problem of determining the meridional circulation given the wave forcing is fully nonlinear; the meridional circulation and the angular momentum distribution have to be determined simultaneously. It can be argued, from considerations of angular momentum advection, that the effective value of t/in (9) is reduced by such nonlinearities, extending the reach of extratropical pumping action into and across the tropics even in the steady state.
Another possibility arising from nonlinearity in the tropics is when the zonal wind distribution may be such that the angular momentum contours become closed in the interior of the atmosphere (that is, there is an interior maximum in angular momentum). It is then possible to have a free, closed meridional circulation that is everywhere parallel to the angular momentum contours. Since the advection of angular momentum in ( 
GLOBAL-SCALE DYNAMICAL ASPECTS OF EXCHANGE: APPLICATION TO THE REAL ATMOSPHERE
The previous section has explained how nonlocal control of the meridional circulation arises in the dynamics of a zonally symmetric model atmosphere. How is this relevant to transport of trace chemicals in the real atmosphere or in realistic numerical models, where "waves and eddies," or departures from zonal symmetry, are often very strong?
As was already suggested, the most direct relevance is to exchange across the 380-K surface, and there are two basic points. The first is that the strongest departures from zonal symmetry are usually found in the extratropics. The second is that in the overworld, there is still a sharp distinction between tropics and extratropics, evident from the observation that many chemical species of interest in the over- The usual approach has been to focus on the heightlatitude structure of dynamical and chemical tracer fields by dividing all fields into a longitudinally averaged part (the "zonal mean") and an "eddy" part. There are a number of alternative ways in which the zonal mean may be computed (see glossary). The separation between zonal mean and eddy contributions to transport differs according to the type of averaging employed. These differences are manifested, for example, by the striking difference between the conventional Eulerian-mean circulation measured in pressure or log-pressure coordinates and the Eulerianmean circulation measured in isentropic coordinates (i.e., with potential temperature as a vertical coordinate [e.g., Tung, 1982] . Of the two, only the latter, often referred to as the "zonal-mean diabatic circulation," or diabatic circulation for short, provides a qualitatively correct approximation to the advective transport of tracers. Indeed, in the high-latitude winter stratosphere the conventional Eulerian-mean circulation and the diabatic circulation are in opposite senses. This is one of the reasons why the use of isentropic coordinates greatly facilitates conceptual modeling of transport.
The isentropic coordinate formulation also has the important conceptual advantage of clearly separating transport along isentropic surfaces from transport across isentropic surfaces. One qualitative advantage of such coordinates is that eddy dispersion, which is primarily along isentropic surfaces, appears nearly horizontal. This is true to the extent that the eddies are quasi-adiabatic [e.g., Tung, 1982] and is in accord with direct evidence from model simulations [Plumb and Mahlman, 1987] . The zonally symmetric mean diabatic circulation, on the other hand, generally provides a useful approximation to the cross-isentropic trans-port and is thus particularly relevant for questions of STE.
On the other hand, pressure coordinates have some advantages for purposes of data analysis. For this reason a modified version of the Eulerian-mean equations in pressure coordinates, the "transformed Eulerian mean" (TEM), is often used in practice. The TEM provides a measure of the global-scale meridional circulation that is similar to the diabatic circulation of the isentropic coordinate formulation. The TEM equations have exactly the same structure as the model equations (1)-(4), except that zonally averaged quantities replace zonally symmetric quantities. Furthermore, eddy effects do indeed appear, to good approximation, as wave-induced forces in this formulation. The Rossby-wave part of such forces involves "breaking," as well as dissipation by infrared radiative relaxation, and hence involves eddy dispersion. Thus we may apply insights gained from the zonally symmetric model to deduce that the global-scale meridional circulation, and therefore the zonal mean transport of tracers across isentropic surfaces, is under nonlocal control by the zonally averaged wave-induced forces.
It follows therefore that on sufficiently long timescales the transport across a lower stratospheric control surface, including, for example, the 380-K isentrope, is largely controlled by wave-induced forces in the extratropical middle atmosphere, which in turn are believed to be mainly due to Rossby and gravity waves originating in the extratropical troposphere. From observations and modeling it appears that wave-induced forces in both the stratosphere and mesosphere are important contributors to the distribution of waveinduced forcing ( Figure 5 ). On the whole, the Rossbywave force makes the most important contribution to transport across lower stratospheric control surfaces, though there are important variations with latitude and season, the mesospheric gravity wave force being particularly important in the southern hemisphere winter [e.g., Garcia and Boville, 1994] . Furthermore, gravity wave forces in the summer hemisphere and middle and upper stratosphere, though not well known, are almost certainly an essential part of how the rising branch of the stratospheric circulation varies seasonally.
Note well the implication of this picture for the causes of upwelling in the tropical lower stratosphere. The broad-scale upwelling mass flux averaged over the tropics is largely independent of local processes. These include both the large-scale tropospheric heating field due to moist convection and the mass injection by cumulonimbus turrets penetrating the lower by implication, in the upwelling) is primarily due to the interhemispheric contrast in wintertime stratospheric Rossby-wave activity and not to annual cycles in sea surface temperatures and tropical convective activity. This has interesting implications for STE, both for the global-scale upwelling rate and also for the dehydration mechanism, which requires sufficiently low tropopause temperatures (and which will be examined in more detail in section 7).
Refinements to this picture of nonlocal control of the global-scale circulation by G must take account of the following:
1. The detailed latitude-height distribution of G depends on wave refraction, wave breaking, and radiative damping of waves in the middle atmosphere. Although broad-scale tropical stratospheric upwelling, for instance, is largely controlled by the extratropical (7 field, there are feedbacks on (7 itself through anything that affects the extratropical wave fields, including tropospheric wave sources.
2. A limited role for transient responses to heating in the stratosphere and troposphere may need to be recognized. The time-dependent linear theory of symmetric circulations reviewed in the previous section does predict some penetration of the circulation induced by tropospheric heating into the lowest part of the stratosphere but is probably more relevant to the seasonally varying signal [Dickinson, 1971b] than to the longtime average [Dickinson, 1971a] . Indeed, indications from the steady state nonlinear theories are that tropospheric thermal forcing cannot alone drive any upwelling in the lower stratosphere (R. A. Plumb, personal communication, 1994). The vertical penetration distance, for a circulation forced from below by heating that varies on the timescale of the annual cycle, can be estimated from the requirement that the two sides of (6) balance. If the latitudinal scale of the tropospheric heating is taken to be 1000 km, it follows that the vertical penetration distance is only 2 km or so. All this suggests that, while there will certainly be some influence of tropospheric heating on local upwelling rates in the very lowest part of the tropical stratosphere, the primary control, determining what is taken up into the stratospheric overworld, is exerted by extratropical stratospheric pumping.
3. A more accurate picture of the role of eddies in cross-isentropic transport needs to be developed. Even in the isentropic formulation the effect of the eddies on transport is not purely dispersive, nor is the cross-isentropic transport purely advective. This is inevitable with any kind of Eulerian mean. Mahlman stratosphere. The approximate independence of the broad-scale upwelling from such heating and cumulonimbus effects is sometimes regarded with surprise, but it is an inescapable consequence of fluid-dynamical nonlocalness as manifested by extratropical pumping.
Thus Yulaeva et al. [1994] have argued that the annual cycle in lower stratospheric temperatures (and et al. [1980] , in their pioneering study, have noted that there is an advective part of the eddy transport in the isentropic-coordinate formulation (not included in the mean diabatic circulation) that plays an important role in the steepening of tracer surfaces relative to isentropic surfaces. Indeed, they suggest that in the winter lower stratosphere this contribution, which is caused by anomalous diabatic heating and cooling directly associated with the eddies, is numerically comparable to that from the mean circulation itself. Correspondingly, there may also be a dispersive effect of the eddies across, as well as along, isentropic surfaces vapor mixing ratios in the lower stratosphere at high latitudes. This reinforces our theme that for most purposes the tropopause itself is not the most suitable control surface for study of mass exchange.
SMALLER-SCALE PROCESSES NEAR THE TROPOPAUSE: THE EXTRATROPICS AND SUBTROPICS
At the lower edge of the lowermost stratosphere, where the tropopause cuts across isentropic surfaces, STE can occur by isentropic transport, leading to displacement of the tropopause from its equilibrium position, as illustrated in Figure 2 and Plate 1, followed by nonconservative processes such as diabatic heating or cooling, layerwise two-dimensional turbulent mixing, and small-scale turbulent mixing. The boundary between stratospheric and tropospheric air along isentropes that span the tropopause is often marked by an undulating band of strong PV gradients (see Plate 2a) that coincides with the axis of an upper tropospheric jet stream. The existence of this band of strong PV gradients and indeed similarly strong gradients in mixing ratios of species such as ozone and water vapor, itself suggests that there must be rather strong dynamical resilience to transport along the isentropes, since otherwise vigorous mixing of stratospheric and tropospheric air would destroy the band of strong gradients.
The resilience to transport along the isentropes is provided by the Rossby-wave restoring mechanism, which causes the band of strong PV gradients to be- from the stratosphere, although they will certainly strongly influence the time and space distribution of such transport. Recent developments suggest, however, that the time and space distributions may be important for some chemical purposes and that some caution is required; for instance, much of the relationship between global-scale dynamics and photochemistry was developed before it was known that heterogeneous chemical processing occurring on lower stratospheric aerosols was important. Within the old framework of gas phase chemistry, most photochemical activity was confined to the upper stratosphere, so that the global transport in the overworld provided a good average representation of transport and an adequate constraint on STE. HoWe.ver, stratospheric reactions on aerosol surfaces may occur in the lowermost stratosphere. Furthermore, new initiatives to evaluate the impact of aircraft on the environment require the consideration of longitudinally asymmetric emissions directly in the lowermost stratosphere. For these problems, it is necessary to at least evaluate the sensitivity to the more detailed synoptic-scale approach of any conclusions that are drawn in chemical assessment studies.
SMAI. LER-SCALE PROCESSES NEAR THE TROPOPAUSE: THE TROPICS
As discussed in sections 3-5, the theory of the wave-driven circulation, illustrated in Figure 3 The tape recorder analogy, with seasonally varying tape speed and with allowance for mixing, helps to make better sense, retrospectively, of many past observational studies, including the in situ ER-2 aircraft measurements from the field campaigns based at Panama, Central America and at Darwin, northern Australia. This important pair of campaigns, to be discussed in more detail below, took place during northern hemisphere summer and winter, respectively, and showed the striking differences in the average water vapor mixing ratio profiles summarized in summer [e.g., Holton, 1984] . However, the tape recorder analogy provides a basis for interpreting this elevated hygropause, to a first approximation, as a consequence of upward advection, during the intervening months, of low saturation mixing ratios that were near the tropopause during the northern winter, probably modified by mixing effects. As explained in section 5, the extratropically controlled upward mass transport into the tropical stratosphere is believed to be about twice as large in northern hemisphere winter as in northern hemisphere summer, and regionally averaged tropopause temperatures over the northern Australia region during January do appear to be low enough to dehydrate air to prevailing minimum stratospheric values [Selkirk, 1993] . A uniform rising motion would, however, be expected to cause water vapor saturation and formation of a widespread thick cirrus cloud layer near the tropopause. Robinson [1980] and others suggested that such cloudiness is not observed and therefore that upward flow across the tropical tropopause must be associated entirely with the mass flow from tropical deep convection that penetrates into the lower stratosphere. How such mass flows could occur and lead to stratospheric dehydration was discussed by Danielsen [1982] , in terms of small-scale turbulent entrainment into overshooting cumulonimbus turrets, followed by particle sedimentation within anvils, leaving sheets of dry air behind.
It is possible that such cumulonimbus penetrations could "hyperventilate" the lower tropical stratosphere, in the sense that there could be a greater The WVEE observations demonstrated that convective systems do penetrate into the stratosphere and do mix tropospheric and stratospheric air together [Danielsen, 1982] , so that the resulting mixture can have stratospheric values of potential temperature, 0 > 380 K, despite the maximum observed tropospheric equivalent potential temperature of 367 K [Selkirk, 1993] . Evidence for such penetration was shown by observations in a convectively produced anvil where high ice crystal amounts (several hundred ppmv of total water substance) were found in an imperfectly km with clearly stratospheric potential temperatures of 390 K. Atmospheric radon has its source at the Earth's surface, and its atmospheric lifetime is governed by its 3.8-day radioactive half-life. The lowest temperatures, with a potential for dehydration to 1.7 ppmv, were found between 17 and 17.6 km (potential temperatures of 372 K and 383 K). All of this air, including the air in the quasi-adiabatic mixed layer below 17 km, has stratospheric characteristics as well, as demonstrated by the elevated potential temperatures. It also has ozone mixing ratios of 100 parts per billion by volume (ppbv) or higher [Danielsen, 1993] , most likely showing isentropic entrainment from the extratropics and suggesting why actual mixing ratios (squares in Figure 9b) are not quite as low as 1.7 ppmv.
Thus as in WVEE, tropospheric air was observed to have penetrated and mixed into the stratosphere. The major difference is that the cloud tops are colder and somewhat higher, with minimum saturated mixing ratios of 1.7 ppmv (light solid curve in Figure 9b ) instead of around 6 ppmv. The light solid lines and squares in Figure 9 show a sounding outside the anvil, northwest and roughly (though not exactly) downstream of the heavy solid lines. Some warming in the 16-to 18-km layer is evident (mostly attributable to adiabatic descent [see Kelly et al., 1993], but the excess ice has fallen out, leaving air with minimum water mixing ratios of 2.2 ppmv (squares in Figure 9b ) at a potential temperature of 372 K, again, clearly stratospheric. Measurable radon is present at this location as well, clearly demonstrating the following: (1) Tropospheric air has penetrated into the stratosphere and been mixed irreversibly with stratospheric air, (2) excess ice has fallen out, and (3) the resulting air has water vapor mixing ratios similar to or below the climatologicalmean values of 2.5-3.5 ppmv.
The STEP/Tropical experiment thus clearly showed that convective exchange in the tropics can transport tropospheric air upward and dehydrate it at the same time. However, it is not clear from the data gathered on the remaining flights whether penetration events like that of Figure 9 are frequent enough to dominate the tropical stratospheric mass and water vapor budget, or whether they are "too frequent" in the sense that hyperventilation might be taking place. The remainder of this section discusses some of the questions thus raised.
Before a budget calculation or hyperventilation estimate could be undertaken based on, for instance, global satellite coverage, one would need to know whether the mechanism outlined by Danielsen [1982] and illustrated in Figure 9 Figure 10a is from a convective system over Darwin observed soon after monsoon onset, when tropopause and near-tropopause temperatures (as measured by radiosondes) were at their lowest points of the winter of 1987 [Selkirk, 1993] . The minimum saturated mixing ratios are comparable to or lower than those in Figure 9 (1.6 ppmv), but they occur in what is essentially pure tropospheric air (ozone mixing ratios of 10 ppbv and potential temperatures of 360 K). If these clouds are to contribute substantially to the stratospheric mass budget, the air in these anvils must attain stratospheric potential temperatures, either by turbulent diffusion at the anvil top [Danielsen, 1993] The difficulty of quantitatively accounting for observed tropical stratosphere dehydration based on the penetrative cumulus convection model led Potter and Holton [1995] to propose an alternative scheme in which convectively generated buoyancy waves provide an important role in dehydration. Vertical parcel displacements produced by such waves can produce local saturation and promote the formation of thin ice clouds in the lower tropical stratosphere (analogous to wave clouds in the lee of mountains). Such clouds would be expected to form in a quasi-random fashion in the vicinity of tropical moist convection. Even if typical ice particle sizes are very small so that particle sedimentation rates are slow, the net result averaged over many realizations of such clouds could be a significant downward flux of water, which would tend to dehydrate the lower stratosphere and thus contribute to the maintenance of the observed water vapor minimum.
Since particles that form as a result of cooling over several days rather than several hours tend to be somewhat larger [Jensen and Toon, 1994] The CCM2 qualitatively simulates the stratospheric transport driven by extratropical pumping. However, the simulated mass transport across the 100-hPa surface is too strong, while the transport at higher altitudes is too weak, consistent with the fact that the zonal forcing in the model is too strong in the lower stratosphere and too weak in the upper stratosphere and mesosphere. Nevertheless, the CCM2 captures the correct seasonal variation in exchange; there is a maximum in transport across the 100-hPa surface in northern hemisphere winter and a minimum in northern hemisphere summer.
The simulation of water vapor in the CCM2 is not as satisfactory as is the simulation of air mass exchange. Although there is some evidence of the tropical tape recorder effect in the model, latitudinal transport in the lower stratosphere is much too strong; the imprint of the seasonally varying tropopause saturation mixing ratio decays with height much more rapidly than is observed. Furthermore, although the tropical tropopause temperatures in the model are colder than those observed, the lower stratosphere in the model is actually moister than that observed. The model does not resolve convective-scale processes, and the parameterized representation of moist convection in the model is apparently unable to mimic the dehydrating effects of overshooting cumulonimbus turrets. On the other hand, the model is rather successful in simulating isentropic exchange with the extratropical lowermost stratosphere caused by wave breaking associated with synoptic-scale weather disturbances. In other words, the model has some representation of the lowermost wavy arrows in Figure 3 , including some of the transport effects normally associated with tropopause folding, even though the folds themselves are not resolved realistically. Two-dimensional chemistry and transport models have an important role to play, because it is not feasible, even with current computing power, to run extended multiyear simulations in three-dimensional GCMs with a full representation of chemistry. Such extended simulations are necessary to calculate, for example, the impact of increased fluorocarbons and aircraft exhaust pollutants on stratospheric ozone, including its role in the radiative balance of the troposphere. It is standard in the two-dimensional models to assume that transport may be approximated by an averaged circulation and a spatially varying, nonisotropic diffusion and also to make simplifying assumptions concerning the chemistry, for example, neglect or approximation of diurnal variation. Together with the small number of degrees of freedom, such approximations greatly reduce the computational requirements. Such models have been used extensively for major stratospheric ozone assessments [e.g., WMO, 1986 WMO, , 1995 , and comparison with observation shows that the models can be useful for long-term simulations. However, the two-dimensional models have obvious limitations, and in particular, it seems likely that for species that are controlled by transport as well as by photochemistry, simulated temporal variability can be regarded with any confidence only for timescales of a season or longer.
Two-dimensional models are clearly not capable of representing the details of STE. The horizontal, vertical, and temporal resolutions are insufficient. However, since they are based on the global-scale circulation, they might be expected to represent the bulk magnitude of STE with some accuracy when the model exchange is integrated over a year. Also, since the two-dimensional model circulation is usually derived from observations in the overworld, the annual mass exchange between the stratosphere and troposphere calculated from a two-dimensional model [e.g., Douglass et al., 1992] should be similar to that calculated in other ways [Rosenlof and Holton, 1993 The hydrochlorofluorocarbons (HCFCs) that are increasingly being used as substitutes for CFC13 and CF2C12 are shorter-lived and have significant photochemical loss rates (and thus production rates of reactive chlorine species) in the lower stratosphere. Owing to the difficulties of accurately representing transport and mixing in the lower stratosphere in two-dimensional models, assessment of the relative impact of these species on ozone using such models is more problematic.
Efforts to evaluate the atmospheric effects of subsonic and supersonic aircraft are motivating more research into tracer transport and STE [e.g., Sparling et al., 1995] . By contrast with the inorganic chlorine source, which the stratosphere sees as zonally symmetric, supersonic aircraft emissions will be restricted to oceanic corridors and are thus a highly nonzonal source of pollutants. Other aircraft emissions are also nonzonal, reflecting the geography of the main air traffic corridors. Pollutant transport in the lowermost stratosphere is very much a three-dimensional process, involving rapid advection and shearing along jet streams as well as eddy dispersion away from them in much the way illustrated in Figure 2b Many of the issues raised by the aircraft emissions problem require evaluation of three-dimensional transport effects. This does not, however, mean that it is necessary to use a full general circulation model. An alternative approach to three-dimensional modeling of constituent transport and exchange is to solve the continuity equations for the relevant trace constituents using wind data that may come either from a previous run of a general circulation model [Rasch et al., 1994; Chipperfield et al., 1994] or from real data analyzed with a data assimilation system, such as the STRA-TAN stratospheric analysis system [Coy et al., 1994] used by Douglass et al. [1993] . For either of these approaches, the net mass exchange calculated diagnostically (e.g., by downward control and its generalizations) will be similar, provided that the general circulation model produces a reasonable climatology of winds and temperature. For both approaches, the meridional circulation (and the annual mass exchange between the troposphere and stratosphere) will be similar to that calculated using a two-dimensional model.
Global three-dimensional transport models address some of the shortcomings of the two-dimensional models, in that the upper tropospheric synoptic scales are explicitly represented in the model. For transport associated with synoptic scales, the storm tracks and the upper tropospheric synoptic-scale activity are defined realistically when assimilated fields are used for the transport. The results of simulations may be verified with constituent observations; however, such comparisons do not provide a strong test of the accuracy of the net stratosphere-to-troposphere mass flux calculation. Spatial and temporal resolution of such models is still too coarse to resolve the actual STE processes. Diagnosis of the representation of tropical STE in three-dimensional models has received relatively little attention. As we have argued above, the overall rate of upward mass transport across the tropical tropopause is determined nonlocally as part of the overall general circulation and is not likely to be sensitive to the details of tropical moist convection. Tropical STE of water vapor and of short-lived tropospheric tracers is, however, likely to be strongly influenced by the manner in which tropical moist convection is parameterized in the model as discussed above for the CCM2 simulation of Mote et al. [1994] .
SUMMARY AND CONCLUSIONS
In this review we have argued that to understand STE, it is essential to include it within a global-scale dynamical perspective and that it is useful then to distinguish between the part of the atmosphere whose isentropes lie entirely above the tropopause (the overworld, 0 •> 380 K) and the part of the atmosphere whose isentropes span the troposphere and the stratosphere (whose stratospheric part we have called the lowermost stratosphere). These considerations explain the remarkable fact that STE, viewed from this global perspective and on seasonal and longer timescales, is controlled not by local events near the tropopause but by the generation of large-scale and small-scale waves mainly in the troposphere, followed by their propagation into the stratosphere and mesosphere and their dissipation to produce a predominantly and persistently westward wave-induced zonal force. In the extratropics, which are strongly influenced by the Earth's rotation, such a persistent westward force tends to come into balance with the Coriolis force associated with a mean poleward mass flux. In other words, air persistently pushed westward has a persistent tendency to move poleward, a kind of quasi-gyroscopic effect, producing the pumping action discussed in section 3. By mass continuity and through the tendency toward "downward control" exhibited by the extratropical response to the zonal force (the thought experiment of Figure It can hardly be overemphasized that this downward-sideways control view of stratosphere-troposphere exchange is a drastic departure from previous conceptual models for exchange. In the extensive review of the literature on stratosphere-troposphere exchange given by WMO [1986] , the focus is almost entirely on synoptic-scale and small-scale processes occurring near the tropopause. Although no attempt was made in that review to provide estimates of global mass exchange rates, it is clear from the context that the authors felt that it would be necessary to compile statistics on the climatology of exchange by individual tropopause-folding events and by cutoff cyclones, cor-33, 4 / REVIEWS OF GEOPHYSICS responding mostly to the lowermost wavy arrow in Figure 3 , in order to derive seasonal estimates of exchange for each hemisphere.
There is also a sense conveyed in the discussion of tropical exchange by WMO [1986] that air is forced into the stratosphere by tropical cumulus convective turrets and that estimates of tropical mass exchange would thus require accurate measurement of the cumulus mass flux near the tropopause. We have argued, however, as was just summarized, that the net irreversible mass flux into the tropical stratosphere is primarily determined nonlocally by dynamical forcing in the form of wave-driven pumping from the extratropical stratosphere, which is the immediate cause of the slow diabatic ascent in the tropical stratosphere. Because transport across the isentropic surfaces near 380 K defining the lower boundary of the overworld is independent of the details of tropopause folding, of formation of cutoff cyclones, and of the distribution and intensity of tropical cumulus convection, it is possible, as is discussed in section 5, to obtain seasonal estimates of the total upward transport into the tropical stratosphere and the total downward transport into the lowermost stratosphere in each hemisphere by estimating the extratropical wave-induced forcing from general circulation statistics using the method of downward control. This has substantial advantages over the strategy of adding up the exchange from individual events. The latter is likely to be very difficult to carry out, given the indications from modeling studies (see section 8) that there is large variability in the STE associated with nominally similar synoptic events. Furthermore, there is no reason why all the exchange across the mean tropopause should take place in a conspicuous way; there could be significant global-scale subsidence or, for that matter, ascent, and significant contributions from the smaller-scale eddies illustrated in Figure 2b .
The recognition of global-scale nonlocal control, mainly in the downward-sideways sense explained above, also provides an explanation for the observed springtime maxima in the fluxes of ozone and radioactive tracers into the northern hemisphere troposphere. It has usually been assumed [e.g., WMO, 1986 ] that these seasonal maxima are caused by a springtime peak in upper level cyclogenesis and tropopause-folding events. Mahlman [1969] , however, showed that although surface radioactivity and upper level cyclogenesis were strongly correlated on the timescale of individual cyclones, the seasonal cycle in observed northern hemisphere was not significantly correlated with the seasonal cycle in an index of upper tropospheric cyclone activity.
The findings of Mahlman [1969] are not consistent with the view that the seasonal cycle in the rate of mass transfer into the troposphere is controlled by the frequency and amplitude of tropopause folding events or cutoff cyclone formation. They are, however, consistent with the concept of nonlocal control. According to that concept, the occurrence of a maximum in wave dissipation in the northern hemisphere winter stratosphere leads to a maximum downward mass flux in the extratropics and hence to a maximum flux of ozone and other stratospheric tracers across the lower boundary of the overworld into the lowermost stratosphere during the northern winter. This winter season peak in the fluxes into the lowermost stratosphere inevitably leads to a buildup of tracers in the lower stratosphere until the tracer mixing ratios become sufficiently large that the fluxes from the overworld can be matched by increased fluxes into the troposphere. 
